Postcopulatory sexual selection due to sperm competition and/or cryptic female choice has been documented in a diversity of taxonomic groups and is considered a pivotal component of sexual selection. Despite this apparent importance, the relative contribution of postcopulatory fertilization success to overall sexual selection has not yet been measured in any species. Here, we used a laboratory-adapted population of the promiscuous fruit fly Drosophila melanogaster to partition the variance in male reproductive success into mating success (a major component of precopulatory sexual selection) and fertilization success (a major component of postcopulatory sexual selection). We found that fertilization success contributed nearly as strongly as mating success to a male's net performance in sexual selection, but that most of this postcopulatory component was attributable to variation in male mating order (the tendency to be the last male to mate a female). After adjusting for mating order, only ≈2% of the residual variation in male reproductive success was attributable to differential fertilization success. We found no correlation between male mating success and fertilization success in this system. Unlike natural populations of Drosophila, our laboratory population is adapted to a semelparous lifecycle, so our findings will be most applicable to other promiscuous species with strong sperm precedence and one short breeding period per year or lifetime. In these species, fertilization success may have as much influence on male reproductive success as mating success, but the timing of mating (mating order) may be the predominant factor contributing to variation in fertilization success.
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mate choice | male fitness | variance components S exual selection was originally described by Darwin (1) as the "struggle between the individuals of one sex, generally the males, for the possession of the other sex." For nearly a century this description was interpreted almost exclusively in the context of variation in mating success (2) . However, any female that is not strictly monogamous during each episode of reproduction sets the stage for sexual selection to continue within her reproductive tract, via postcopulatory sperm competition (3) and/or femalemediated paternity biases (i.e., cryptic female choice) (4-6).
Since it was first documented >40 y ago (3), postcopulatory sexual selection has been the focus of an extensive body of research (6) (7) (8) (9) (10) (11) (12) and is now accepted as nearly ubiquitous among nonmonogamous mating systems. Despite this prevalence, the importance of postcopulatory sexual selection relative to its precopulatory counterpart (mating success) has not been examined in any mating system to date. Determining the relative importance of postcopulatory sexual selection is important because it will permit us to better evaluate past studies of sexual selection that only measured precopulatory variation in mating success, and it will determine whether the extensive scientific interest in sperm competition and cryptic female choice is justified.
We partitioned sexual selection in a Drosophila melanogaster model system by measuring variation in male mating success (total number of females mated) and fertilization success (mean proportion of offspring sired across those females). These two metrics are major components of total precopulatory and postcopulatory sexual selection, respectively. To further examine the contribution of postcopulatory processes to a male's success in sexual selection, we also decomposed fertilization success into its two main components: (i) mating order (tendency of a male to be the last to mate a female) and (ii) fertilization success given mating order. Although our metric of fertilization success is not an exhaustive measure of all components of postcopulatory sexual selection, it incorporates the pivotal measures of postcopulatory success most commonly measured in past studies: sperm competitive ability and/or cryptic female choice.
D. melanogaster has played a central role in studies of sexual selection both before (13) (14) (15) (16) (17) and after mating (18) (19) (20) (21) (22) (23) , and laboratory-adapted populations have contributed importantly to this body of research. We used the semelparous LH M population of this species (24) because it has adapted to the same competitive laboratory environment for >400 generations under conditions that (i) facilitate the operation of both precopulatory and postcopulatory sexual selection and (ii) permit lifetime reproductive success to be accurately measured. Females in the LH M population typically mate with 3-5 different males over the course of their lifetime (25, 26) , which is consistent with the high promiscuity reported for wildcaught D. melanogaster females (27) . With such substantial rates of female mating in this species, there is a strong potential influence of postcopulatory sexual selection. However, the semelparous mating system of our laboratory population makes it distinct from natural Drosophila populations because only eggs laid during a short period at the end of the lifecycle are used to start each successive generation. Because our population has adapted to this life history for >400 generations, our decomposition of sexual selection into its major pre-and postcopulatory components will be most applicable to natural populations that are semelparous, with a brief bout of reproduction immediately before death, or iteroparous species with only a short bout of reproduction each breeding season. If postcopulatory fertilization success contributes strongly to total sexual selection in these species, experiments with our laboratoryadapted D. melanogaster population have high potential to detect and quantify this contribution.
For this study, we measured the lifetime reproductive success of 100 D. melanogaster males under identical rearing conditions to which they were adapted. For each male surveyed, we also measured the total number of females he mated (mating success) and the mean proportion of offspring he sired across those females (fertilization success). We then used these measures to decompose the variation in male lifetime reproductive success into its mating success and fertilization success components (SI Methods). Determining how much variation in male lifetime reproductive success is attributed to each of these components allows us to estimate the relative importance of precopulatory and postcopulatory sexual selection in this promiscuous model system.
Results and Discussion
There is strong sexual selection in the LH M population: The modal value for male lifetime reproductive success is 0 (Fig. 1) , and the variance in male reproductive success is >15 times greater than that for females (28) . We found substantial variation for both mating and fertilization success (Figs. S1 and S2, respectively), and regression analysis indicated that these two traits accounted for 63.4% of the total variation in male reproductive success [P < 0.0001; 95% bootstrapped confidence interval (CI Bootstrap ) = (52.8%, 75.0%); Fig. 2A ]. The substantial residual variation in male reproductive success (36.6%) was expected, owing to intrinsic variation in female fecundity and mechanisms of sexual selection that cannot be accounted for by our experimental design (see below). When we decomposed the variation in male reproductive success into its mating success and fertilization success components, we estimated that 36.3% of the variation in male lifetime reproductive success could be attributed to variation in mating success [P < 0.0001; 95% CI Bootstrap = (22.0%, 52.9%)], and 27.1% of the variation in male lifetime reproductive success could be attributed to variation in fertilization success [P < 0.0001; 95% CI Bootstrap = (11.2%, 46.4%)]. Although our point estimates suggest that precopulatory processes accounted for more of the variation in male reproductive success than postcopulatory processes ( Fig. 2A) , the confidence intervals for the two estimates strongly overlap so we cannot conclude that either component was more important in determining total sexual selection. Additionally, we cannot distinguish between fertilization success mediated by sperm competition (3) or cryptic female choice (4-6), but the observed large contribution of postcopulatory processes to total male reproductive success demonstrates the substantial potential for both mechanisms to contribute to sexual selection.
A large role for sexual selection after mating is often assumed, because it occurs in the majority of nonmonogamous animal mating systems (8) , and its equivalent in flowering plants, pollen competition, is also widespread (29, 30) . However, precopulatory sexual selection is still predicted to be the strongest determinant of a male's net success in sexual selection, because successful mating is a prerequisite for postcopulatory sexual selection (31) . Contrary to this expectation, we show that variation in fertilization success influences male reproductive success to approximately the same degree as variation in mating success. These measures are complicated, however, by last-male sperm precedence in D. melanogaster (20, 32) : In our laboratory-adapted population, the last male to mate a female sires 79% of her offspring on average (33) . Thus, the average "mating order" of a male (i.e., his tendency to be the last male to mate a female) is expected to be a major determinant of his success at postcopulatory sexual selection.
We further examined the contribution of postcopulatory sexual selection to overall male reproductive success by decomposing our original estimate of fertilization success (mean proportion of offspring sired across all mated females) into its "mating order" (tendency to be the last male to mate a female) and "fertilization success order-adjusted " (mean proportion of offspring sired after adjusting for mating order; Fig. 3 ) components. We found that the majority of male fertilization success was mediated by his mating order (r 2 = 0.914, F 1,98 = 1,044.24, P < 0.0001; Fig. 3 ), which accounted for 25% of the overall variation in male reproductive success [P < 0.0001, 95% CI Bootstrap = (10.2%, 44.7%)]. Interestingly, variation in mating order among our sample of 100 males appeared to be largely random, because it closely matched that predicted by a binomial distribution (SI Results). This congruency indicates that most of the variation in mating order was due to binomial sampling error rather than deterministic variation among sires. Although there was substantial variation in male fertilization success order-adjusted (accounting for ≈8.6% of the total variation in fertilization success, which may be an underestimate because of the uncertainty associated with our determination of mating order, see below), after adjusting for mating order, only 1.9% of the residual variation in male reproductive success could be attributed to fertilization success [P = 0.027, 95% CI Bootstrap = (0.04%, 6.9%); Fig. 2B ]. Thus, our findings suggest that this variation in the traditional measures of sperm competition, P 1 and P 2 (the proportion of a female's offspring sired by her penultimate and last mate, respectively) (32), presently has only a minor influence on overall sexual selection in this laboratory-adapted population of D. melanogaster. It is possible, however, that the low variation for these traits reflects that they have been under strong selection in this population; any new mutations with large effects on P 1 and/or P 2 could thus experience intense selection and substantially change the relative contribution of postcopulatory sexual selection. Even though our study found only a small influence of fertilization success order-adjusted on total sexual selection, this finding could change substantially depending on extant genetic conditions.
Our study indicates that mating success and mating order are the major determinants of male reproductive success in our laboratory-adapted D. melanogaster population. If there were a strong positive correlation between these two traits, then the practice of simply measuring precopulatory phenotypes as indicators of male success in sexual selection would be appropriate. As expected from the close match between mating order variation and its random expectation, we did not detect a positive correlation between this trait and male mating success [r = −0.16, P = 0.20; 95% confidence interval for r = (−0.39, 0.09)]. Similarly, there was no correlation between male mating success and fertilization success after adjusting for mating order [r = −0.16, P = 0.19; 95% confidence interval for r = (−0.39, 0.08)]. Collectively, these patterns indicate that both mating success and mating order should be measured to obtain accurate estimates of male reproductive success in species with short bouts of reproduction and strong patterns of sperm precedence.
Although our laboratory-adapted population of D. melanogaster allows us to accurately measure lifetime reproductive success, there are certain components of pre-and postcopulatory sexual selection that cannot be quantified with our experimental design. For example, our measure of precopulatory sexual selection was male mating success (total number of females mated). Although this is likely the dominant component of precopulatory sexual selection, all females are not necessarily equal in quality. Male D. melanogaster preferentially court and mate with larger bodied females that, in turn, produce more offspring (34) . Because we have no information about the body size of females mated (or not mated) by our experimental males, this influence on male reproductive success will be incorporated into the "residual" variation in Fig. 2 . Similarly, we only considered matings in which the male was the last or penultimate to mate a female, because these are the only matings that reliably contribute to male fitness in our laboratory population (earlier mates rarely sire any offspring) (33). If we had counted and included every male a female mated with, the contribution of mating success in our study would likely decline because of the added variation in this trait that is uncorrelated with male reproductive success.
To estimate postcopulatory sexual selection, we measured fertilization success, the proportion of offspring sired by a specific male. This is the standard measure of success at sperm competition and was more appropriate than counts of offspring sired, because the latter would be predominantly driven by intrinsic differences in female fecundity, which are substantial in the LH M population (28) . However, our measure of fertilization success does not incorporate all aspects of postcopulatory sexual selection. For example, males may vary in their ability to stimulate female fecundity after mating (35) , which would influence male (and female) reproductive success. However, we could not differentiate between male-mediated fecundity differences and those intrinsic to the female, so this component of sexual selection was not included in our estimate of fertilization success and was instead included in our estimate of residual variation (Fig. 2) . In addition, proteins in the male ejaculate are known to influence female latency to remate in D. melanogaster (36) . Although we were unable to directly measure this male postcopulatory effect, we have indirectly measured it with our estimates of fertilization success and mating order; any male that was more effective at preventing or delaying female remating would have a higher fertilization success (because of last-male sperm precedence in this species; ref. 33 ) and be more likely to be assigned the last male to mate a female. Similarly, any male that was less effective at preventing or delaying female remating would have a lower fertilization success and be more likely to be assigned the penultimate male to mate a female. For these reasons, and because our measure of male mating success only considered productive matings in which the male was the last or penultimate to mate a female, it is possible that some of the variation in male mating success is an indirect consequence of his postcopulatory success (acting via suppressed or delayed remating of his mates). Finally, there was some error in our assignment of mating order. To measure this trait with complete accuracy under the conditions to which the LH M population is adapted (which is necessary to prevent false covariances; ref. 37) would have required continued monitoring of vials containing many individuals over a 5-d period, and the ability to differentiate these individuals from one another. This survey was beyond our technical capabilities, so we inferred mating order indirectly by using our measure of fertilization success. Because there is strong last-male sperm precedence in D. melanogaster (20, 32) , any male who sired >50% of the offspring in a brood was considered to be the last male to mate a female, and any male who sired <50% was considered the penultimate mate. Although this pragmatic method has demonstrated efficacy (33) , it nonetheless has a 10% error rate (SI Methods) and could contribute to an overestimation of the relative importance of mating order to male fertilization success. In sum, because we were unable to fully account for all components of postcopulatory sexual selection, the contribution of postcopulatory processes to overall sexual selection reported here should be considered a lower bound.
Despite the fact that our study used the D. melanogaster model system, our laboratory results may not directly apply to natural populations of this species. Females in the wild are estimated to mate with at least as many males as females in our laboratory population (27) , and the resulting sperm precedence patterns are comparable in the two environments (20, 32, 33) . However, males in natural populations may have fewer encounters with females, which may, in turn, survive to produce multiple broods, both of which could affect the relative importance of pre-and Fig. 3 . The regression of male fertilization success (mean proportion of offspring sired across all females mated) on male mating order (mean mating order for all females mated, coded as "1" when the male was last to mate a female and "0" when he was not last) for 100 males randomly selected from our laboratory-adapted D. melanogaster population. Deviations from the lines (residuals) are the mating order-adjusted fertilization success values (fertilization success order-adjusted ).
postcopulatory sexual selection. Thus, the semelparous laboratory environment to which our experimental population has adapted could influence various aspects of sexual selection compared with iteroparous wild populations of D. melanogaster, making it unclear how well our partitioning of sexual selection would apply to natural D. melanogaster populations.
Although our findings may not apply to wild populations of Drosophila, the semelparous nature of our laboratory-adapted population suggests that our partitioning of sexual selection may be more broadly applicable to species that have short, promiscuous breeding periods followed by mass death of individuals. Such promiscuous, semelparous mating systems are found in a variety of taxa, including insects such as mayflies (38) and polyandrous species of Hymenoptera (e.g., honey bees; ref. 39) , Pacific salmon (40) and multiple species of Antechinus marsupials (41) (42) (43) . If female mating rates and variation in male mating success in these species are comparable to those in our laboratory-adapted D. melanogaster population, and there is strong last-male advantage in sperm competition, we would expect our partitioning of sexual selection to apply, as a first approximation, to many of these natural populations. Similarly, our partitioning of pre-and postcopulatory sexual selection over the lifetime of a semelparous population may provide an indication of the relative contributions of each within a single breeding season of iteroparous species. For example, many avian species have short, highly promiscuous breeding seasons that result in females producing only a single brood (e.g., refs. [44] [45] [46] [47] . Under these conditions, we might expect male reproductive success over a season to be strongly influenced by postcopulatory sexual selection, with the majority of this effect mediated by the timing of mating in relation to egg production, as in our study.
Whereas broad patterns in the relative importance of pre-and postcopulatory sexual selection may be found across species with similar mating systems, there are a number of factors that can influence both forms of sexual selection (including patterns of male competition, female mating rate, female sperm storage, patterns of sperm precedence, brood size, parental care). Although our study found a relatively small contribution of fertilization success (excluding fertilization success mediated by mating order) to total sexual selection in a semelparous model system, this pattern could feasibly be reversed in natural populations with different life histories and patterns of sperm precedence. Indeed, many insect studies have reported dramatic variation in fertilization success when mating order is controlled (9, 48) , in sharp contrast with our results. Thus, the exact contribution of pre-and postcopulatory sexual selection to male reproductive success may be highly species-specific, and comparable studies will need to be performed in a variety of species with different life histories and patterns of sperm precedence before we can make generalizations about the relative contributions of these processes in sexual species.
Using a highly promiscuous model organism to partition the variance in male lifetime reproductive success into its major pre-and postcopulatory components, we found that variation in fertilization success influenced male success in sexual selection to approximately the same degree as variation in mating success. Although a large contribution of sperm competition and cryptic female choice has been assumed in many mating systems, we provide the requisite quantification of this contribution. Our study demonstrates that postcopulatory processes, particularly those associated with a fertilization advantage due to mating order, can be a major component of overall male fitness and, as a consequence, postcopulatory sexual selection may have as much potential to drive the evolution of promiscuous mating systems as precopulatory male competition and female mate choice.
Methods
Here we provide a brief summary of our experimental methodology. Full details and descriptions are provided in SI Methods.
Populations. We used the laboratory-adapted semelparous LH M population of D. melanogaster (24) . This outbred population is maintained on 2-wk, nonoverlapping generations at a density that facilitates the operation of sexual selection and measurements of lifetime reproductive success (LRS). An overview of the culture protocol and lifecycle of the LH M population is depicted in Fig. S3A . Competitors in our experiments were taken from a replica of the LH M population (LH M -bw) into which a recessive, brown-eyed marker (bw) had been introgressed.
Measuring Male LRS, Mating Success, Fertilization Success, Mating Order, and Fertilization Success order-adjusted . An overview of our experimental design is depicted in Fig. S3B . We measured LRS for 100 "target" males under conditions that closely matched the culturing protocol of LH M . Each target male was taken from a culture vial that originally contained a single LH M egg (i.e., our target male) and 174 LH M -bw competitor eggs. We measured LRS as the total number of offspring each target male sired (identifiable by their red eyes) across all of the females he was raised with.
Paternity analysis (based on eye color) of a large number of offspring produced by each female raised with a specific target male allowed us to identify which females he mated. Mating success was measured as the total number of females a target male mated, and fertilization success was measured as the mean proportion of offspring sired by the target male across those females. For each female mated by a target male, his mating order was determined by using the proportion of offspring he sired. Because there is last-male sperm precedence in this species (33), the target male was assigned a mating order of "1" (a binomial "success" at being the last male to mate a female) for all broods that contained >50% red-eyed offspring, and he was assigned a mating order of "0" (a binomial "failure," indicating that the male was not the last to mate the female) if his mate's brood contained <50% red-eyed offspring. These values were then averaged across all females mated by a target male to determine his average mating order. Finally, we calculated male fertilization success after adjusting for mating order (fertilization success order-adjusted ) as the residuals from a regression between male fertilization success and average mating order (Fig. 3) . See SI Methods for a detailed description of our measures for male LRS, mating success, fertilization success, mating order, and fertilization success order-adjusted .
Statistics. To determine how much variation in male LRS could be attributed to components of precopulatory and postcopulatory sexual selection, we performed a stepwise regression of male LRS versus mating success and fertilization success to obtain variance component estimates for each. We then calculated bootstrapped SDs and 95% confidence intervals on these values. To further decompose fertilization success into its two constituent components, mating order and fertilization success after adjusting for mating order (fertilization success order-adjusted ), we performed a stepwise regression of male LRS versus mating success, mating order, and fertilization success order-adjusted . We obtained variance components estimates for each variable, and calculated bootstrapped SDs and 95% confidence intervals on these values. Finally, to test for correlations between male mating success and mating order (or fertilization success order-adjusted ), we used Pearson Correlation Tests and calculated the parametric 95% confidence intervals for r.
